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Abstract 
A compressively-loaded stiffened panel has been 
designed with post-buckling reserve of strength in its 
skins using the strip program VICONOPT. 
Comparisons are made with Finite Element single 
and double bay models. The panel has been shown by 
VICONOPT to have a stiffener buckling failure mode 
when an overall sinusoidal imperfection causing 
increased stiffener compression is present. Such a 
failure is not seen in a typical single-bay Finite 
Element model of such panels. However, the failure 
is confirmed by a double-bay Finite Element model, 
which is a closer representation of an aerospace 
application, such as a wing box. A new strut model, 
following a Shanley type approach has been 
developed to emphasise the difference between the 
single and multi-bay responses. The strut model 
shows good agreement with single bay Finite 
Element results.  It also indicates the presence of an 
imperfection in the double bay Finite Element model, 
which may be represented by offsetting the load 
towards the skin in the strut model. The VICONOPT 
code is able to design an aerospace panel of realistic 
dimensions and loading but only when considering 
linear elastic material properties. 
 
1. Introduction 
It is well known that stiffened panels, used 
extensively within the aerospace industry, can have a 
considerable post-buckling reserve of strength in their 
skins, enabling them to remain in stable equilibrium 
under loads in excess of their critical local buckling 
load. By allowing such designs to buckle in a stable 
manner, for example between limit and ultimate 
design loads, it is possible to save a significant 
amount of mass compared to designs for which 
buckling is not permitted.  
 
Many different techniques have been developed to 
model the buckling and post-buckling behaviour of 
stiffened panels. These range from finite-strip
1,2 
and 
exact strip
3
 methods, suitable for use at the 
preliminary design stage, through to Finite Element 
(FE) methods
4,5
 that are suitable for use during 
detailed design. Such techniques make certain 
assumptions about the loading distribution in the 
structure, especially when modelling the panel as an 
individual component, separate from the complete 
structure, for example the wing box.  
 
The preliminary design program, VICONOPT
3
, 
considers the panel to be infinitely long (multi-bay) 
with transverse ribs at longitudinal spacing l, thus 
modelling a panel of length l that is simply supported 
with warping of the entire cross-section allowed. In 
addition, uniform end strain is assumed for the whole 
panel cross-section throughout loading, so that as the 
skin buckles, and its stiffness is reduced, the point at 
which the load is applied effectively moves away 
from the skin to the new (buckled) neutral axis 
position. As previously shown
6
 these boundary 
conditions do not arise when using a single bay FE 
model, simply supported over length l. Here, the end 
load position remains fixed when the skin buckles, so 
that an offset between load and new neutral axis 
position causes the panel to always fail on its skin 
side, regardless of the direction of an overall 
sinusoidal imperfection; experimental tests
6
 have 
shown this to be a stable form of failure. The former 
multi-bay case has an increased stiffener load after 
skin buckling compared with the single bay case and 
therefore may lead to stiffener-induced failure of the 
panel and could be highly unstable
7
. The multi-bay 
approach is a better representation of an actual 
aircraft wing-box, where panels are continuous over 
ribs. 
 
The aim of this paper is to compare the effects of 
these different boundary conditions on the initial and 
post-buckling behaviour of a new optimized J-
stiffened panel. This was designed using a recently 
developed version of VICONOPT
8,9
 that estimates 
the post-buckled stiffnesses of the buckled plates. 
Comparisons will be made between results given by 
VICONOPT and a series of ABAQUS
4
 single and 
double-bay panel models. New strut theory, 
describing the various load-displacement behaviours 
before and after initial skin buckling, is first 
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developed for use in VICONOPT and to indicate the 
difference between the single and multi-bay 
conditions. 
 
2. Strut Theory and Shanley Model 
Non-linear, out-of-plane deflections arise at the 
mid-length of a compressively-loaded panel when 
either an initial sinusoidal imperfection of amplitude 
0 is present, see Fig. 1(a), or some of the 
compressive load is offset from the neutral axis of the 
panel, see Fig. 1(b). Strut theory is used in 
VICONOPT to calculate these deflections; it is also 
used in Section 4.5 to compare results for single and 
multi-bay cases. The basis for this theory follows 
from the Shanley model, which may be adapted to 
illustrate the pre- and post- buckling behaviour of 
stiffened panels
10
. The sudden reduction in stiffness 
in the skin of a stiffened panel that occurs when a 
critical skin buckling load is reached also occurs in 
the Shanley model, where part of the model is made 
to reduce in stiffness at a critical load. This model is 
briefly described here to introduce some of the 
concepts that will later be applied to the strut 
equations of Section 2.2. 
 
2.1 Shanley Model 
Fig. 2(a) shows the Shanley model used to 
represent the stiffened panel, with one spring 
representing the stiffeners and the other representing 
the skin. In the case shown here, the system is 
initially loaded along its neutral axis and no initial 
imperfection is present. For simplicity, it has been  
assumed that both skin and stiffener springs initially 
have stiffness k. At a (critical) total load of P = Psk, 
i.e. when the load in the skin is Psk/2, the stiffness of 
the skin is reduced to rsk, to approximate the effect of 
P P 
y 
x 
v(x) 
Fig. 1(a). Strut model for initial sinusoidal 
imperfection o when P < Psk. 
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Fig. 1(b). Strut model for initial sinusoidal 
imperfection o,sk and offset load when P  Psk. 
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both k, see (b), giving equilibrium path OA in (c). (d) Initially imperfect case for P > Psk with skin stiffness 
reduced to rs k, see (b), giving equilibrium path OAB in (c). 
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local buckling, see Fig. 2(b). For loads above Psk, this 
reduced stiffness results in rotation of the structure, 
indicated by  in Fig 2(a). Hence, at P = Psk , the 
response of the system switches from equilibrium 
path OA on Fig. 2(c) to path AB. Such a switch 
introduces an effective negative (initial) imperfection 
o to the reduced stiffness structure, the value of 
which depends on both the reduced spring stiffness 
and the critical load Psk. This value of 0 can be 
obtained by considering the unloaded system of Fig. 
2(d) which has skin stiffness rsk, and where L is the 
extension required to make the imperfect equilibrium 
path OB pass through A. 
 
One interesting thing to note about the behaviour 
of this system is that, after the skin reduces stiffness, 
there is no sudden jump in rotation . This may be 
surprising given that there is a sudden change in the 
position of the neutral axis, resulting in a sudden 
offset between it and the position at which the load is 
applied. However, this view is misleading as it 
ignores the effect of loading the structure up to Psk, 
and would give rise to a sudden off-loading of the 
skin at Psk. The reduction in stiffness of one of the 
springs only affects the additional load applied above 
Psk and thus the rotation of the structure is zero at Psk 
and smoothly increases with increment of load above 
Psk. This is similar to the case of the stiffened panel, 
loaded along its original neutral axis both before and 
after skin buckling. Here there is also a sudden 
change in stiffness when a critical load is reached 
and, like the Shanley model, the change in stiffness 
only affects the extra load applied above the critical 
load. Hence, using these ideas, strut equations are 
now developed to form a simplified model of the pre- 
and post-buckled behaviour of a stiffened panel. 
 
2.2 Strut Theory 
For loads below the skin buckling load Psk, there 
is no offset and the mid-length deflection, , see Fig. 
1(a), is given by the following well-known equation, 
 
 
 (1) 
 
where PE is the Euler or overall buckling load of the 
unbuckled panel and o is the amplitude of the initial 
imperfection. 
 
After the skin has buckled, i.e. P  Psk, the 
situation is more complex, and models can be 
developed to describe single and multi-bay cases. For 
the single bay case, where the load remains applied at 
the neutral axis of the original (unbuckled) panel, an 
offset esk is introduced to represent the offset 
associated with the load above Psk, see Fig. 1(b). 
Hence, the following differential equation can be 
obtained in terms of the vertical deflection v of the 
strut, 
 
 (2) 
  
 
Solving this for the mid length deflection  gives, 
 
 (3) 
 
where PE, sk is the Euler/overall buckling load of the 
skin-buckled panel. Values of PE,sk and esk may be 
calculated by assuming that the Elastic modulus of 
the skin is reduced by factor rs following buckling. 
The amplitude of the initial imperfection for the skin-
buckled panelo,sk , which can be thought of as being 
similar to o for the above Shanley model, is given by 
equating Eqs. (1) and (3) with P = Psk. Hence, 
  (3) 
 (4) 
. 
 
To model the multi-bay case, where the panel is 
loaded assuming uniform end shortening both before 
and after skin buckling so that the load effectively 
follows the shift in neutral axis as the skin buckles, 
Eqs. (3) and (4) can still be used, but with esk set to 
zero. 
 
In a stiffened panel, the magnitude of the skin 
buckling load varies with the mid-length deflection 
arising from the initial imperfection of the panel. The 
following equation is used to account for this effect,    
 
 (5) 
 
 
where A and I are the cross-sectional area and second 
moment of area, respectively, of the panel; ysk is the 
distance between the neutral axis and skin mid-
thickness of the unbuckled panel and sk is the skin 
buckling stress for the perfect (o = 0) panel. sk can 
be found by using an approximation such as the 
following well known equation for the buckling of a 
plate, 
 
 (6) 
 
where K is a suitable constant for the plate boundary 
conditions, E is the elastic modulus, t is the thickness 
of the plate and b its width. Alternatively sk can be 
obtained from an analysis of the panel using a 
program such as VICONOPT. 
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3. VICONOPT Strip Model 
VICONOPT
3
 (VIPASA with CONstraints and 
OPTimisation) is a FORTRAN 77 program that 
incorporates the earlier programs VIPASA (Vibration 
and Instability of Plate Assemblies including Shear 
and Anisotropy) and VICON (VIPASA and 
CONstraints). It covers any plate assembly, i.e. panel 
of constant cross section, composed of anisotropic 
plates each of which can carry any combination of 
uniformly distributed and longitudinally invariant in-
plane stresses. It can be used as either an analysis or 
an optimum design program. The analysis principally 
covers the calculations of eigenvalues, i.e., the critical 
load factors in elastic buckling problems or the 
natural frequencies in undamped vibration problems. 
The linear elastic buckling analysis is based upon the 
exact solution of the governing differential equations 
of the constituent members, which are assumed to 
undergo a deformation that varies sinusoidally in the 
longitudinal direction yielding exact stiffness 
matrices whose elements are transcendental functions 
of load factor or frequency and the axial half-
wavelength, , of the deformation. The resulting 
transcendental eigenproblem requires an iterative 
solution, which is performed using the Wittrick-
Williams algorithm
11
. The simplest form of the 
buckling analysis
12,13
 is performed over a range of 
values of , that usually extends from a value less 
than the smallest plate width to the length, l, of the 
panel. The lowest buckling load found for any  is 
taken to be the critical buckling load for the panel. 
VICONOPT assumes the panel to be an infinitely 
long (multi-bay) structure made up of portions, which 
include any supporting structures such as ribs, which 
repeat at longitudinal intervals l. The mode of 
buckling is assumed to vary sinusoidally in the 
longitudinal direction with a half-wavelength . In 
this paper the optimized structure has no applied 
shear force and is fabricated from an isotropic 
material so that the nodal lines are necessarily straight 
and parallel to the panel ends. Also, since  divides 
exactly into l, the boundary conditions are consistent 
with simple supports at the ends of a panel of length l 
between ribs. To allow for continuity over the ribs 
with adjacent bays, warping of the entire cross-
section is allowed at the panel end. 
 
For panels designed to have a post-buckling 
reserve, two modifications
14
 have been made. Firstly, 
local buckling, considered to be at any <l, is 
permitted to occur at some prescribed fraction rL of 
the ultimate design load specified by the user. 
Secondly, for collapse, which may be due to overall 
or torsional (stiffener) buckling, the in-plane 
stiffnesses of the locally buckled plates are reduced 
by multiplying the pre-buckled stiffnesses by a factor, 
rs, which may be pre-selected by the user
6,14
. 
However, in this paper, a separate VICONOPT post-
buckling analysis
9
 was performed within the 
optimization procedure so that values of rs were 
automatically calculated for each plate in the 
assembly. Each value of rs is obtained by dividing the 
plate stiffness after buckling by its stiffness before 
buckling, where each plate stiffness is obtained by 
dividing the average axial stress in the plate by the 
total axial strain at the neutral axis of the panel. The 
axial strain in each plate has two components: one 
due to axial loading and one due to out of plane 
flexure. Since the total strain is assumed to be 
uniform across the panel width, those plates having 
the greatest strain components due to flexure will 
have the smallest strain components due to axial load 
and therefore comparatively small components of 
axial stress, leading to low values of rs. 
 
When a plate is loaded axially and its longitudinal 
edges are required to remain straight, a non-uniform 
transverse stress distribution develops. This is 
composed of tension and compression regions, such 
that integration along the length gives a zero 
transverse stress resultant. Because the compression 
regions occur adjacent to the nodal lines, i.e. lines of 
zero out of plane displacement, whilst tension regions 
occur around the mid-length of each half-wavelength, 
the tension region have a greater stabilizing effect 
than the destabilizing effects of the compression 
regions. This is allowed for in VICONOPT
9
 by 
loading the plate with a uniform (i.e. longitudinally 
invariant) transverse tension equal to some fraction  
of the maximum transverse tension calculated from 
the post-buckling mode. The value  = 0.3 was 
chosen for the present work, based on previous 
studies on stiffened panels.
8 
 
For the VICONOPT analysis, the effects of initial 
imperfection were calculated using the strut model of 
Eqs. (1)-(4), with esk = 0 so that the load was assumed 
to follow the shift in the neutral axis. The values for 
PE and PE,sk were overall panel buckling loads rather 
than Euler loads. 
 
4. Example Design 
This section firstly describes the realistic example 
design problem that has been used to verify the post-
buckled design methodology in VICONOPT. The 
optimum design results produced by VICONOPT are 
then presented, before comparison with the non-linear 
finite element program ABAQUS and the strut model 
described in Section 2. 
 
4.1 Problem Definition 
The problem used here is based on practical wing 
data used previously
15
 to demonstrate the application 
of VICONOPT to optimize panels that are 
constrained from buckling below thier ultimate loads. 
For the work presented in the current paper, the 
5 
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design of a single highly loaded compression panel at 
a location just outboard of the engine has been 
considered. Here, the ultimate applied end load per 
unit panel width, due to a 2.5g manoeuvre case at 
cruise speeds with full fuel, is 3.68kN/mm and the 
corresponding limit load is 2/3  3.68 kN/mm 
(2.45kN/mm). To ensure a practical design was 
obtained a stiffener pitch of 150mm, panel length of 
600mm and an inverted J shaped stiffener were 
assumed. This geometry is in practice influenced by 
manufacturing constraints and the values and cross-
section chosen are typical for a 150-seat, twin engine 
aircraft. The material used, Al7075-T6, had an initial 
elastic modulus of 74.99GPa, Poisson's ratio of 0.33 
and density of 2800kg/m
3
. In the VICONOPT and 
ABAQUS results that follow, the panel was modelled 
assuming infinite width. 
 
4.2 VICONOPT Results 
VICONOPT was used to produce a minimum 
mass design in which no initial buckling occurred 
below the limit load, i.e. rL = 2/3, and only stable 
post-buckled behaviour occurred between limit load 
and ultimate load. The material was assumed to be 
linear-elastic.  
 
The panel was modelled as a single repeating 
portion of width b = 150mm with one stiffener and 
simply supported ends, as shown in Fig. 3. The model 
allowed for offsets between the centre-lines of 
connected plates
12
. The panel was designed with 
VICONOPT assuming a negative imperfection         
o = -l/1000 which increases compression in the 
stiffener relative to the skin. Table 1 lists the seven 
independent design variables bfr, bw, bfa, tfr, tw, tfa and 
ts. The breadth of the unsupported skin was a 
dependent variable bs = b-2bfa. The cross-sectional 
area of one stiffener is defined as                               
As = bfrtfr + bwtw + 2bfatfa and the area of skin within 
one repeating portion equals bts. The ratio  ( = As/bts) 
and mass of one repeating portion are also listed in 
Table 1. Twenty design cycles were performed but 
the panel mass had converged to within 2% of its 
final value after just 4 cycles. 
 
Table 1. Starting and final values of designed panel. 
Variable Constraint   
 Value Start End 
bfr, mm 25 40 30.26 
bw, mm 40  bw  65 65 49.02 
bfa, mm 25  bfa  45 30 36.09 
bs, mm =150 - 2bfa 90 77.83 
tfr, mm 0.5 5 3.95 
tw, mm 0.5 3 4.73 
tfa, mm 0.5 3 1.42 
ts, mm 0.5 5 4.06 
 = As/bts - 0.77 0.75 
Mass, kg - 2.23 1.78 
 
Although the design was carried out without 
explicit constraints on strain or the value of the ratio 
, analysis of the final panel configuration confirmed 
that all strains remained below the assumed elastic 
limit of 6770 strain at the limit load and that  
remained in the range 0.75    1.00 which is 
typically acceptable in industry. The resulting design 
also met all the design requirements when modelled 
as perfect or with a positive imperfection,                 
o = +l/1000. 
 
Table 2. Summary of VICONOPT and ABAQUS results for the final VICONOPT design showing: initial 
buckling loads (and associated half-wavelengths) obtained using linear and non-linear analyses, post-buckled 
collapse loads, collapse modes, mid-surface strains at limit load (limit) and post to pre buckling stiffness ratios 
(k
*
/k) of the whole panel. Note: SK, U, and ST denote skin, uniform and stiffener respectively. 
Model o Initial buckling(kN/mm) Collapse limit k
*
/k 
  Linear Non-linear (kN/mm) Mode (strain)  
 +l/1000 2.48 (l/5) - 3.73 Overall/skin 4800 (SK) 0.68 
VICONOPT 0 2.59 (l/5) - 3.79 Overall 4600 (U) 0.69 
 -l/1000 2.73 (l/5) - 3.65 Torsional 5300 (ST) 0.70 
ABAQUS +l/1000 - 2.48 (l/5) 3.52 Overall/skin 5010 (SK) 0.53 
Single bay 0 2.63 (l/5) 2.60 (l/5) 3.57 Overall/skin 4930 (SK) 0.54 
 -l/1000 - 2.70 (l/5) 3.63 Overall/skin 5390 (ST) 0.55 
ABAQUS +l/1000 - 2.51 (l/5) 3.66 Overall/skin 4893 (SK) 0.56 
Double bay 0 2.60 (l/5) 2.61 (l/5) 3.79 Overall/skin 4823 (SK) 0.63 
 -l/1000 - 2.65 (l/5) 3.71 Torsional/overall 5542 (ST) 0.64 
 
Fig. 3. Cross-section of repeating portion of panel. 
b = 150mm 
bfa bfa 
bfr 
bs 
bw 
ts  
tfa 
tfr 
tw 
y 
z 
x 
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The first part of Table 2 lists the VICONOPT 
analysis results for the final panel configuration. For 
all the imperfection cases the initial buckling mode is 
a local mode (=l/5), the collapse load is near or 
above the design requirement of 3.68kN/mm and the 
peak strains at limit load (limit) are elastic. These 
peak strains are measured at the mid-surface of the 
plate in which the strain occurs. For a positive 
imperfection (o = +l/1000) VICONOPT predicts 
collapse at 3.73kN/mm in an overall/skin mode. For a 
negative imperfection (o = -l/1000) VICONOPT 
predicts collapse at 3.65kN/mm in a torsional mode 
which will precipitate overall failure. For zero 
imperfection VICONOPT predicts collapse at 
3.79kN/mm in an overall mode. The last column of 
the table lists the ratios of post-buckled to pre-
buckled stiffness, k
*
/k, for the panel. The 
corresponding values of rs for each plate are listed in 
Table 3. It can be seen that the values for locally 
buckled skin plates are lower than would be obtained 
by considering a plate with similar boundary 
conditions in isolation for the reasons outlined in 
Section 3. 
 
Table 3. Final panel configuration rs values for each 
plate. 
o Remote 
flange 
Web Attached 
flange 
Skin 
+l/1000 0.99 0.98 0.87 0.10 
0 0.99 0.98 0.87 0.13 
-l/1000 0.99 0.98 0.88 0.17 
 
4.3 Finite Element Modelling  
FE modelling was carried out using the package 
ABAQUS
4
 to determine both the linear (bifurcation)  
and non-linear
16
 buckling behaviour allowing 
comparison of the single and double-bay FE models 
with VICONOPT and strut model results. Two FE 
models were developed, both using QUAD4 (S4R5) 
thin shell elements. In order to approximate a panel of 
infinite width only 2 repeating portions were 
modelled. The x, y, x, y and z degrees of freedom 
at each node along one longitudinal edge (e.g. node A 
of Fig. 4) were set equal to corresponding degrees of 
freedom of the equivalent node on the other 
longitudinal edge of the model, e.g. node B. For the 
results of Sections 4.4.1 - 4.4.4 the effects of material 
plasticity were not considered. 
 
4.3.1 Single Bay Model 
The single bay model used 4800 elements and 
was similar to the one given in Ref. 6. This modelled 
the panel using a single longitudinal portion of length 
l. The panel was simply supported at the ends with 
the axis about which the end cross-section of the 
panel rotates coincident with the neutral axis of the 
unbuckled panel. The cross-sectional geometry of 
skin and stiffener at the ends of the panel was 
prevented from deforming using multi-point 
constraints. Axial load was applied using point loads 
distributed so that the effective load axis of the panel 
was along the neutral axis of the unbuckled system. 
When the skin buckled the load remained applied at 
the neutral axis of the unbuckled panel. The panel 
was analysed to obtain the bifurcation buckling 
behaviour of a perfect panel and the non-linear 
behaviour of both perfect and imperfect panels. The 
imperfect cases used a sinusoidal overall imperfection 
of amplitude o =  l/1000. 
 
4.3.2 Double Bay Model  
In this case a 9600 element model consisting of a 
portion of panel of length 2l was created. As shown 
in Fig. 4, ribs, comprising of an additional 420 
Ribs: y = x = y = z = 0 
Multi-point beam constraints 
attaching rib to stiffener 
2l 
l 
Skin: x = y = z = 0; x = applied load 
Web: x = z = 0; x = applied load 
Upper flange: x = y = z = 0; x = applied load 
A 
B 
Longitudinal edges: 
xy, x, y and z at node A and B 
are equal.  
Explicit multi-point constraints applied to 
the end nodes on each web to ensure that 
z is equal along each web end. 
Fig. 4. Double-bay FE model showing rib and panel boundary condition and longitudinal edge conditions to 
approximate an infinite width panel.  
y 
x 
z 
7 
American Institute of Aeronautics and Astronautics 
QUAD4 (S4R5) thin shell elements were attached to 
the panel skin at x = 0.5l and 1.5l. Cut-outs in the ribs 
allowed the stiffeners to pass freely although as 
shown in the enlarged section in Fig. 4, each stiffener 
was connected to a rib using two rigid multi-point 
constraints. This represents the cleat used in practice 
to attach the rib to the upper flange of the stiffener. 
The side and upper edges of the ribs had clamped 
boundary conditions, with displacements in the x and 
z directions allowed. At the ends of the panel the 
boundary conditions depicted in Fig. 4 were imposed. 
Axial load was applied using uniform end strain in 
the x direction at one end of the panel, with 
displacement in the x direction restrained at the other 
end. This resulted in load being applied along the 
neutral axis of the panel before skin buckling and at 
the new neutral axis position after skin buckling. The 
stiffener webs at the panel ends were restrained to 
remain vertical using multi-point constraints. The z 
degree of freedom was not suppressed at the ribs or 
panel ends so that the buckling and collapse loads 
would not be reduced due to the Poisson's ratio effect. 
The panel was analysed to obtain the bifurcation 
buckling behaviour of a perfect panel and the non-
linear behaviour of both perfect and imperfect panels. 
The imperfect cases used a global imperfection that 
consisted of a complete cosine wave, of amplitude o, 
along the length of the panel 2l. When examining the 
results only the behaviour of the portion of length l 
between the ribs was considered and a positive 
imperfection increases the relative compression in the 
skin compared with the stiffener for this portion. 
 
4.4 FE Results 
4.4.1 Initial Buckling 
From the initial buckling loads given in Table 2 it 
can be seen that both FE models, using linear 
analysis, give slightly higher initial buckling loads for 
the perfect panel compared to the VICONOPT 
solution, with the double bay model giving the closer 
result. This may be due to the FE method slightly 
overestimating the stiffness of the panel. Both FE 
models predict that the panel will initially buckle 
with 5 half-wavelengths in the skin which agrees with 
the VICONOPT solution.  
 
The non-linear estimates of the initial buckling 
load for the two FE models, of the perfect case, as 
seen in Table 2, are again slightly higher than 
predicted by VICONOPT. The initial buckling mode 
predicted is a skin mode with 5 half-wavelength, 
matching both the VICONOPT and ABAQUS linear 
solutions. However unlike the linear FE analysis the 
single bay solution now gives the best estimate, being 
within 0.4% of the VICONOPT solution. The double 
bay non-linear initial buckling solution is almost 
identical to that given by the linear analysis. 
 
For the imperfect cases it can be seen in Table 2 
that there is good agreement between the 
VICONOPT and the FE non-linear solutions for 
initial buckling, except in the case of the -l/1000 
solution for the ABAQUS double bay mode. Here 
ABAQUS predicts an initial buckling load that is 
about 3% lower than the VICONOPT prediction. It is 
thought that this is due to the shape of the negative 
imperfection applied to the double bay model. This 
increases the compression in the skin at the ends of 
the panel, outside the ribs, so that these skin sections 
buckle early inducing buckling of the centre section 
before it would otherwise occur. For all the linear and 
non-linear FE analyses, the initial buckling load 
predicted is always greater than the initial buckling 
load requirement of 2.45kN/mm. 
 
4.4.2. Collapse 
The ABAQUS double bay solutions indicate that 
the panel design reaches the design load 
(3.68kN/mm) before collapse occurs, with the 
exception of the +l/1000 case, which can carry a load 
within 0.54% of the design load. The failure modes 
obtained by both the VICONOPT and ABAQUS 
double bay solutions are similar. For the +l/1000 and 
the perfect cases both predict that failure is due to an 
overall mode. With the exception of the VICONOPT 
perfect case this failure mode also involves a stable 
interaction with the local skin buckling mode of the 
type shown in Fig. 5. For the -l/1000 case both 
methods indicate that failure is due to an l/2 torsional 
mode, as shown in Fig. 6, which is potentially more 
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serious as this type of failure can be unstable.  
 
Conversely, the ABAQUS single bay model, for 
all cases, predicts failure modes which are a stable 
interaction between the local skin and the overall 
buckling modes, similar to that shown in Fig. 5. This 
is due to the offset between the load and neutral axes 
that occurs when the skin buckles, as discussed in 
Section 1. The effect of the offset, for the -l/1000 
case, on the out of plane displacement of the single 
bay model compared to the double bay model can 
clearly be seen in Fig. 7. These results were obtained 
from the average vertical displacement of the 2 mid-
length nodes closest to the neutral axis of the 
unbuckled panel on each stiffener in the model. The 
FE single bay solutions indicate that the design load 
is not reached for any imperfection case, due to this 
effect. As with the double bay model, the +l/1000 
case has the lowest collapse load, 4.2% below the 
design load. It should be noted that it is hard to 
determine the exact collapse loads for the perfect and 
+l/1000 cases as the solution was becoming 
asymptotic to the overall load of the reduced stiffness 
panel for these cases. 
 
4.4.3 Limit Strains 
The mid-thickness peak strains predicted by 
ABAQUS at approximately the limit load are also 
given in Table 2. It should be noted that it is 
impossible to obtain the strains in the ABAQUS 
solution at exactly the limit load and therefore the 
strains have been given for the non-linear step which 
is at the load closest to the limit load. It can be seen 
that strain levels in the panel predicted by ABAQUS 
at mid-thickness match reasonably well the strain 
levels predicted by VICONOPT. Since strain is being 
measured at a load level where the effect of the offset 
in the ABAQUS single bay model, has little effect, 
the positions in the panel where the peak strains occur 
are the same for both models.  
 
4.4.4 Stiffness Ratio 
From Table 2 it can be seen that the predictions of 
the panel stiffness ratio (k
*
/k) given by VICONOPT 
and ABAQUS do not match very well. The 
ABAQUS predictions are significantly lower that 
those given by VICONOPT. This may be due to the 
value of the transverse tension factor  that has been 
used for the VICONOPT post-buckling analysis. 
Analysis of a previous design has shown that 
changing  can have a significant affect on the value 
of k
*
/k obtained, although this may also effect the 
predicted values of the collapse loads. 
 
4.4.5 Material Plasticity 
The effects of material plasticity were briefly 
investigated in the ABAQUS double bay model by 
including an experimentally derived stress-strain 
relationship for Al7075-T6 in the FE model. It was 
found that this gave initial buckling loads of 
2.56kN/mm and 2.61kN/mm for the perfect and         
-l/1000 cases, respectively. In both cases initial 
buckling was in a skin mode consisting of 5 half-
wavelengths. The biggest effect of the material 
plasticity was on the collapse loads, which for the 
two cases considered occurred simultaneously with 
initial buckling. The reason for this will be described 
in Section 5. 
 
4.5 Strut Model Results 
Results for the final VICONOPT optimum design 
are presented in this section. The value of esk used in 
the strut model of the single bay case was obtained 
assuming the elastic modulus of the unsupported skin 
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of the panel was multiplied by the factor rs = 0.133 
when the unsupported skin, width bs, buckled. This 
gave an offset between the neutral axes of the full and 
reduced stiffness panels of 4.334mm. The value, 
0.133, is the average of the skin stiffness reduction 
values given in Table 3. The overall buckling loads 
for the full and reduced stiffness panels, PE and PE,sk 
respectively, were obtained using VICONOPT. 
 
 Figure 8 shows the mid-length out of plane 
displacement verses load behaviour given by Eqs. (1) 
and (3) for the single bay strut model and compares 
this solution with the behaviour predicted by the 
single bay FE model. As can be seen, there is good 
agreement between the strut and FE models for the 
negative, perfect and positive imperfections. The 
results confirm that failure is in the positive  
direction, i.e. in an overall/skin mode in all cases. 
Figure. 9 compares the mid-length out of plane 
displacement verses load behaviour given by the strut 
and FE models for the double bay case. Here, it can 
be seen that there are significant differences in the out 
of plane displacement behaviour predicted by the two 
methods after skin buckling. However, both methods 
do, for the -l/1000 case, predict a failure on the 
stiffener side. The FE model solutions always have a 
more positive amplitude at a given load level than the 
strut model results; thus the skin is in greater 
compression in the FE model. An additional small 
offset term, to account for this difference, was then 
added to the strut model for loads above Psk. Figure 
10 shows that using a value of esk = 1.1mm gives 
good agreement with the FE solution. It has also been 
shown for this design that adding an addition overall 
imperfection term for loads above Psk can instead be 
used to correct the differences seen in Fig. 9. 
 
 5. Concluding Remarks 
VICIONOPT has been used to design a panel for 
which skin buckling occurs at 68% of ultimate load.  
The assumptions made represent multi-bay aerospace 
applications, in the sense that the panel is continuous 
over rib supports, and load is applied via uniform end 
shortening. 
 
Comparisons of the (elastic) ABAQUS double 
bay model and the VICONOPT results indicate 
agreement of better than 3% on initial buckling loads 
and 2% on collapse loads, despite poor correlation 
between the post-buckled stiffnesses of the two 
models. The panel has been shown by VICONOPT to 
have a stiffener buckling failure mode when an 
overall sinusoidal imperfection causing increased 
stiffener compression is present. Such a failure is not 
seen in a typical ABAQUS single bay model of such 
panels. However, the failure is confirmed by the 
double bay model. 
 
It is important to note that an ABAQUS double 
bay model, accounting for material non-linearity, 
indicated that the panel would actually have little or 
no post-buckled reserve of strength, collapsing at 
around 69% of the ultimate design load.  Hence one 
might conclude that VICONOPT is currently not able 
to produce a reliable design for such a realistic 
example.  Whilst this is true for the problem chosen, 
which is heavily loaded and has close values of initial 
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buckling load and material yield load, a more lightly 
loaded panel would not be expected to present such 
proximity in loads. Such a panel would be designed 
with a thinner skin: since stiffener spacing is 
generally kept fixed along the wing, skin buckling 
load is directly proportional to the cube of skin 
thickness. Thus the skin buckling load for such a 
panel would be substantially lower than its yield load, 
which is directly proportional to skin thickness.  A 
more lightly loaded panel would therefore be 
expected to exhibit linear material behaviour well 
into the post-buckled range. Nevertheless, it is 
important to warn designers of the dangers of 
ignoring material non-linearity when optimizing 
heavily loaded panels. 
 
Finally, the paper has shown that a newly 
developed strut model can be used to represent the 
out-of-plane deflection of axially loaded, post-
buckled panels.  The model shows good agreement 
with ABAQUS single bay results.  It also indicates 
the presence of an additional imperfection in the 
double bay ABAQUS model, which may be 
represented by offsetting the load towards the skin in 
the strut model. 
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